Spinal muscular atrophy (SMA) is an intractable neurodegenerative disease afflicting 1 in 6-10,000 live births. One of the key functions of the SMN protein is regulation of spliceosome assembly. Reduced levels of the SMN protein that are observed in SMA have been shown to result in aberrant mRNA splicing. SMN-dependent mis-spliced transcripts in motor neurons may cause stresses that are particularly harmful and may serve as potential targets for the treatment of motor neuron disease or as biomarkers in the SMA patient population. We performed deep RNA sequencing using motor neuron-like NSC-34 cells to screen for SMN-dependent mRNA processing changes that occur following acute depletion of SMN. We identified SMN-dependent splicing changes, including an intron retention event that results in the production of a truncated Rit1 transcript. This intron-retained transcript is stable and is mis-spliced in spinal cord from symptomatic SMA mice. Constitutively active Rit1 ameliorated the neurite outgrowth defect in SMN depleted NSC-34 cells, while expression of the truncated protein product of the mis-spliced Rit1 transcript inhibited neurite extension. These results reveal new insights into the biological consequence of SMNdependent splicing in motor neuron-like cells.
Introduction
Spinal muscular atrophy (SMA) is a potentially fatal neurodegenerative disorder caused by the systemic depletion of the ubiquitously expressed survival motor neuron (SMN) protein [1] . While not entirely exclusive, motor neurons appear particularly vulnerable to the reduction of SMN, and emerging insights highlight the neuromuscular junction (NMJ) as a site or pre-pathological vulnerability [2] . Experimental evidence suggests that maintenance of the interface between nerve and muscle is particularly dependent upon the function of SMN within the nerve [3] . Despite advances in understanding the physiological pathology of SMA, the underlying mechanisms of motor neuron dysfunction resulting from SMN depletion remain elusive. Two prevailing hypotheses contend that SMN depletion results in aberrant mRNA splicing via a reduced capacity to assemble functional small nuclear ribonucleoproteins (snRNPs) [4] , or defective mRNA localization to the peripheral neurite [5, 6] .
The SMN protein is well documented to organize the assembly of RNA polymerase II derived small nuclear ribonucleic acids (snRNA) into a heptameric ring of Sm proteins followed by nuclear import of the mature snRNP [7] [8] [9] . SnRNPs form components of the spliceosome and disruption of these processes within motor neurons has been proposed to lead to alternative splicing of specific mRNAs essential to development and maturation of the neuromuscular junction [10] .
An alternative hypothesis asserts that SMN is essential for transport and localization of mRNA into the neurite and presumably the growth cone [11] [12] [13] . Ex vivo neuronal cultures from SMA model mice show reduced presence of β-actin mRNA throughout the axon and growth cone as well as an inability to transport β-actin mRNA into the axon in response to extracellular cues [14, 15] . Attenuation of SMA pathology has been observed in a zebrafish model of SMA by over-expression of candidate plasticity-related gene 15 (cpg15) , an mRNA known to be present in axons, which is found in complex with the neuronal RNA binding protein (RBP) HuD and SMN, suggesting that SMN-containing complexes are involved in translocation of mRNA species required for the health and maintenance of motor neurons [16] . Coupled with SMN active transport within the neurites of various culture models, SMN and the RNA binding protein hnRNP R have been visualized at the motor neuron synaptic terminal in vivo, demonstrating that this distribution pattern is not merely an artifact of neuronal culture [11] .
Defining the individual RNAs that are aberrantly processed by either failure of the spliceosome or altered subcellular localization is technically demanding. Cell type-specific isoform expression patterns coupled with natural variation in splicing patterns during organismal development confound the identification of pathologically processed RNA transcripts in vivo. Likewise, processing and targeting of transcripts is likely to be equally diversified among the motor neurons, Schwann cells and muscle that comprise the neuromuscular architecture. The use of in vitro cultures provides the ability to accurately identify cell type specific alterations in RNA processing during controlled growth conditions. As Staropoli and colleagues pointed out, the majority of mRNA splicing changes within the spinal cord take place during normal development (postnatal day 1 vs. postnatal day 5), rather than between unaffected mice and SMA siblings at each age [17] . Cell-based systems remove this variable and allow for the study of the most basic facets of SMN biology. Prior investigations have been reported in this direction by the depletion of SMN in mouse fibroblasts and neuroblastoma cells [18, 19] , however these cells do not possess the unique cytological architecture of the motor neuron, and thus important discrimination of subcellular compartments such as the developing neuronal processes is not represented in this analysis.
We chose to evaluate the role of the SMN protein in splicing using NSC-34 cells [20] . As we previously reported, these motor neuron-like mouse NSC-34 cells possess an SMA-like phenotype that can be restored to normal by expression of human SMN [21] . The advantage of this approach is the use of a uniform, clonal cell culture that is acutely and synchronously depleted of SMN protein. RNA-seq revealed transcriptome-wide abnormalities in splicing patterns following SMN depletion. Our analysis focused on differential splicing patterns and aberrant splicing events with intron retention. A number of novel truncated and elongated isoforms were identified following SMN depletion. Intron retention events were also evident following SMN depletion in a limited number of RNAs, most commonly resulting in the insertion of premature stop codons. Our analysis reveals the complexity of RNA processing events that are influenced by SMN levels in a cell type specific system and highlights the challenge of rescuing these events as a compensatory therapeutic strategy outside of specific restoration of SMN.
Results

SMN depletion reduces U snRNP biogenesis
RNA for transcriptome analyses was isolated from NSC-34 clone 4#56 [21] using serum starvation to induce differentiation and neurite formation. Addition of doxycycline (2 μg/ml) for 72 hours induced expression of the SMN shRNA, which resulted in a~70% reduction of the murine SMN protein as determined by Western blot. No decrease in SMN protein levels was seen following doxycycline treatment of NSC-34 clone #4 cells that express only the reverse Tet-transactivator (rTta) without the SMN shRNA (Fig 1a and 1b) . As has been previously reported, SMN is involved in U snRNP biogenesis [22] [23] [24] . To determine if our NSC-34 system displays a similar phenotype, we harvested total RNA from control and SMN-depleted cultures followed by reverse transcription and quantitative PCR using previously described murine U snRNP primers [18, 24] . Consistent with the results seen in SMN-depleted NIH-3T3 cells, we detected significantly altered U snRNP mRNA levels (p = 0.0013 by one-way ANOVA), with post-hoc Tukey analysis revealing significantly decreased levels of U11 and U4 (p<0.01 denoted by asterisk, Fig 1c) . These data suggest that spliceosome function could be altered in our NSC-34 cell model of SMA. There was a more significant decrease in U11 snRNA in SMN-depleted NSC-34 cells compared to SMN-depleted HeLa cells, which were reported to decrease U11 only when SMN levels had been reduced to 5% but not at 15% of control levels of SMN [8] . However, the overall profiles of snRNA changes in doxycycline treated Hela cells and our NSC-34 system are very similar after SMN depletion. A similar experiment with a lentiviralexpressed shRNA against SMN in undifferentiated MN1 cells found that only U11 was decreased, possibly due to the fact that this experiment was performed on a mixed population rather than a clonal cell line. Although our results showing decreased U11 and U4 agree with the findings in Hela cells, when snRNA levels were measured in multiple tissues from SMA mice, U11 was only significantly reduced in spinal cord and heart tissues from late stage mice (postnatal day 11) while U4 was only reduced in brain at postnatal day 6 [8] .
SMN depletion results in increased alternative splicing events
To address the question of alternative splicing events, we performed total transcriptome sequencing (RNA-seq). RNAs were harvested from three biological replicates of untreated or doxycycline-treated NSC-34-4#56 cultures and sequenced using the SOLiD platform. Following filtering and processing, 68-76% of all RNA sequence reads were mapped to the mouse reference genome assembly mm9 using an in-house pipeline that utilizes BFAST (0.7.0a). Unique reads with no more than two mismatches identified 12,168 genes representing the NSC-34 transcriptome. EdgeR was used to calculate differences in gene expression levels between untreated and doxycycline-treated samples by assuming the RNA-sequencing counts follow a negative binomial distribution. SMN shRNA-induced splicing changes were identified using software called Mixture of Isoforms (MISO) [25] . Based on a Bayesian inference framework, MISO is a probabilistic framework that quantitates the expression levels of alternatively spliced genes from RNA-seq data, and identifies differentially regulated exons across samples. MISO computes Percent Spliced In (PSI, or C) values for each alternative splicing event, representing the fraction of a gene's mRNA that includes the exon. For each event, MISO also calculates a Bayes Factor (BF) that quantifies the likelihood of the changes. For instance, BF = 5 indicates it is five times more likely that a specific alternative splicing event occurred than did not occur. Using BF of 5 as a cutoff, we identified a total of 145 events whose splicing patterns differ between control and SMN depleted cultures. Candidates were chosen for validation using endpoint PCR by selecting targets with difference in PSI value (% of inclusion) greater than 0.5 between treatment groups and BF scores higher than 10 using samples obtained from fresh NSC-34-4#56 cultures with and without SMN shRNA induction as well as cells from clone #4 (rTta alone) with and without doxycycline. Altered mRNAs were subdivided into four groups: (1) those that predominantly undergo exon skipping producing a truncated splice variant with SMN depletion, (2) those that retain exons to predominantly express full length transcripts following SMN depletion, (3) those that retain introns following SMN depletion and (4) those that predominantly retain introns at normal SMN expression levels (Tables 1-4) . Alternative exon splicing events predominated with relatively few (fifteen) alternative intron usage events. Table 5 details the total number of reads and the total percentage of mapped events. The complete dataset is available at http://compbio.iupui.edu/group/6/pages/smn and has also been submitted to to the NCBI sequence read archive (SRP090323).
Three transcripts from group 1 that displayed exon skipping events following SMN depletion were selected for confirmation by RT-PCR analysis due to their high BF and PSI values: calcineurin A beta (ppp3cb), phosphoinositide-3-kinase class 2 alpha polypeptide (pik3c2a), and tRNA methyltransferase 5 homolog (trmt5). Primers were designed to the exons flanking the skipped exon, and using cDNA from NSC-34-4#56 as a template, the regions of interest were PCR amplified. All three genes exhibited increased levels of truncated transcript in SMN depleted samples (Fig 2a) but not in the control parental NSC-34 #4 cDNA. The histograms show the posterior distributions over PSI estimated by MISO [25, 26] in control or SMNdepleted samples conditions. The red lines show the posterior mean and the dotted grey lines indicate 95% confidence intervals. The levels of exon-included versus exon-skipped transcripts were quantified from three separate experiments by band densitometry and each showed a significant impact of SMN depletion on the intensity of the alternatively spliced product (one-way ANOVA, Fig 2b) . The fiftytwo genes that produced truncated transcripts indicative of exon skipping following SMN depletion were queried using Gene Ontology analysis to identify underlying biological processes and cellular compartments that may be selectively vulnerable (Fig 2c) . Skipped exon transcripts appear to function in subcellular protein trafficking and are components of mitochondrial membrane and vesicle complexes.
Family with sequence similarity 64 member A (fam64a) was chosen to validate group 2 transcripts with retained exons following SMN depletion, again because of its high BF and PSI values. As with skipped exons, clear differences were observed in the splicing of this target between control and SMN reduced NSC-34 cells while there was no difference observed in parental clone controls with doxycycline treatment (Fig 2a) . 83 genes were identified that were predominantly transcribed as full-length in SMN-depleted cells, which gene ontology analysis indicated are involved in mRNA processing or localize to organelle membranes (Fig 2c) .
To confirm that not all exons are affected by SMN depletion, we examined exon 19 on the RNA binding protein Fox1, which is expressed at high levels in NSC-34 cells and is known to be frequently alternatively spliced in neuronal cells [27] . Using published primers [28] , we observed that exon 19 was skipped at equal levels in control cells treated with doxycycline or in 
#4-56 cells after doxycycline-induced SMN depletion (S1A1 Fig).
To determine if alternative splicing impacted the overall expression level, quantitative RT-PCR was performed using primers against exons that are common to all splice variants. Although Trmt5 and Fam64a expression levels were unchanged after SMN depletion, both Ppp3cb and Pik3c2a were significantly increased in doxycycline treated cells indicating that alternative splicing may result from an overall increase in expression (S1A2 Fig). All four validated alternatively spliced exons were examined by RT-PCR on cDNA isolated from SMA patient derived fibroblasts and healthy parent control (lines 3813T and 3814T respectively). End-point RT-PCR was unable to detect alternative splicing of either Trmt5 or Fam64a. Exon 2 of Pik3c2a was skipped equally in SMA and parental fibroblasts. Only exon 13 of Ppp3cb was found to be preferentially alternatively spliced in the SMA cells (S1A3 Fig). MISO was used to analyze intronic sequence retention from NSC-34 transcriptome reads comparing cells with wild type and depleted levels of SMN protein. Using a Bayes Factor cutoff value of 5, fourteen examples of alternatively spliced introns were observed in SMNdepleted cells compared to controls (Fig 3) . Validation of intron retention was performed by selecting candidates with large differences in the percentage sequence inclusion (ΔPSI) and Bayes Factor scores greater than 5. Using these criteria, cDNA from NSC34-4#56 was screened using primers flanking centrosomal protein T (cenpt) intron 2, Ras-like without CAAX1 (rit1) intron 4, and serine/arginine-rich splicing factor 1 (srsf1) intron 3. All targets analyzed displayed intron retention following SMN depletion whereas analysis of the parental clonal line did not show any difference in intron retention following doxycycline treatment (Fig 3a) . RT-PCR primers designed against the same introns in the human genes did not detect retention of these introns in cDNA from SMA 3813T fibroblasts compared to healthy parental 3814T fibroblasts (S1A4 Fig). The histograms show the posterior distributions over PSI estimated by MISO in control or SMN-depleted samples conditions. The red lines show the posterior mean and the dotted grey lines indicate 95% confidence intervals. Quantification by band densitometry of multiple experiments showed a significant increase in intron retention with SMN-depletion (p<0.01 by one-way ANOVA, Fig 3b) . For comparison, MISO analysis predicted that Eef1a1 was expressed at high levels and that retention of intron 6 showed no significant difference between control and SMN-depleted samples. Primers anchored in the flanking exons show a strong RT-PCR product under all conditions that was unaffected by SMN depletion (Fig 3a) , demonstrating that SMN-dependent intron retention events are specific to individual targets rather than a more widespread splicing error.
U11/U12 splicing after SMN depletion
Primary focus was placed on U12 introns during MISO analysis due to previous reports of altered non-canonical splicing errors following SMN knockdown [18] . However, only two U12 dependent introns were found to be affected. Introns 1 and 2 of Bzw2 were preferentially retained under control conditions (Δpsi = 0.36) and intron 8 of Myef2 was retained after SMN depletion (Δpsi -0.45). This analysis indicates that in NSC-34 cells, non-canonical splicing is unaffected by SMN depletion. While it has been reported that the tmem41b transcript is differentially spliced in SMN depleted NIH-3T3 fibroblasts [18] , we were unable to detect the reported alternative splicing resulting from the exon3-5 fusion or the retention of intron 4 by endpoint RT-PCR (Fig 4a) using previously published primers anchored in exons 2 and 5 [18] . Our design of primers anchored in exons 3 and 5 yielded a similar result, detecting only the properly spliced product under all conditions (Fig 4a) . Using the previously published qPCR primers [18] , we were able to detect significant increases in the retention of the U12-dependent intron 3 as well as the alternatively spliced product after SMN depletion (Fig 4b) , but found overall expression levels were very low. Using primers designed to detect all tmem41b isoforms [18] , we detected a similar increase in total levels after SMN depletion. This is in contrast to the findings in NIH-3T3 cells in which alternative splicing resulted in an overall decrease in tmem41b transcript levels [18] . The previous report of altered tmem41b splicing was following SMN depletion for five days rather than the three-day knockdown used here. Our findings do, however, highlight the impact of using disease relevant cell types for the interrogation of SMNdependent splice changes. SMN has been shown to interact with RNA binding proteins (RBPs) so we hypothesized that perhaps a common RBP was regulating SMN-dependent splice events in NSC-34 cells. In order to identify candidate RBPs, we analyzed the upstream and downstream exons, the entirety of the alternatively spliced exon, and the intervening introns using previously described methods [29] for pentameric motifs associated with known RNA binding proteins (Fig 5a) . The candidates were screened using a strict cut off of Bayes factor greater than 10 and a false discovery rate (FDR) less than 0.05, we identified 76 splicing events with Δ-PSI greater than zero (increased inclusion levels) and 35 with Δ-PSI less than zero (decreased inclusion level). Thirteen RBPs were identified (Fig 5b) , one of which is a well-characterized regulator of alternative splicing: FUSIP/SRSF10 [30] . Two of its validated splice targets, KDM6a and SLTM, are present in our list of alternatively spliced exon events following SMN depletion, indicating that perhaps in conditions of low SMN, FUSIP/SRSP10 occupancy at these regulatory regions was decreased. Only hnRNP-L/LL and RBM24 binding motifs were present at exons that are both included or skipped after SMN-depletion, indicating that these RNA binding proteins could be master coregulators of SMN-dependent alternative splicing events. None of the RBPs predicted to regulate the alternatively spliced exons and introns were themselves mis-spliced after SMN depletion. Several RBPs themselves are alternatively spliced after SMN knockdown, but since none of them are predicted to bind the identified splice sites, it is unlikely that these mis-spliced RBPs are responsible for the observed alternatively spliced transcripts.
Expression of SMN restores normal splicing patterns
To confirm that the alternative splicing events identified by RNA-seq and verified by RT-PCR are true SMN-dependent splicing changes, we used a human HA-tagged SMN cDNA that is not affected by the murine-specific shRNA in the 4#56 clone to restore SMN protein levels to normal. NSC-34 4#56 were transfected with HA-hSMN and pBabe-hygro, and a polyclonal population was used for validation experiments. Western blot analysis with antibodies against SMN showed expression of this HA-hSMN protein was stable in the presence of doxycycline without disrupting the knockdown of murine SMN (Fig 6a) . RNA was harvested from these Splice Defects in SMN-Depleted Cells Produce Truncated Products Contributing to the Short Processes HA-hSMN rescued cultures and alternative splicing interrogated by RT-PCR. We selected representative candidates from three categories of splice error; exon skipping, exon retention and intron retention, and demonstrated that expression of SMN protein restored these splicing patterns to normal (Fig 6b) . Finally, we measured the amount of each validated splice variants by quantitative real-time PCR on RNA isolated from NSC-34 line #4 (rTta alone), line #4-56 (SMN shRNA) and line #4-56 expressing human HA-SMN (EF1a-hSMN) with and without doxycycline normalized to 5S RNA by the ΔΔCt method and values from untreated cells were set to 1. For exon skipping products, one primer was placed across an exon-exon border. For intron retention events, one primer was anchored within the intron and the other in the flanking exon. The end-point PCR shown in Fig 6b shows aberrant splice products were present after SMN depletion in line #4-56 and that the profile normalized with the addition of human SMN for both exon skipping and retention (Fig 6c) and intron retention events (Fig 6d) . 
Splice Defects in SMN-Depleted Cells Produce Truncated Products Contributing to the Short Processes Transcripts with retained introns are stable
For all three of the group 3 validated intron retention events, the resultant transcript contains a premature stop codon, which we might direct it to the nonsense mediated decay pathway (NMD). However, recent studies in neuronal cells and mouse cerebellum have demonstrated that intron retention can be an important tool for expanding the available transcriptome in neuronal cells, and that intron retained transcripts can be stable and produce truncated protein products [31] . To determine if the transcripts with SMN-dependent intron retention are targets of NMD, we followed published methods and exposed the SMN-depleted cultures to the protein synthesis inhibitor cycloheximide (10 μM) for 4 hours [32] . As a positive control, we used the well-characterized NMD target Arc [33] , which should increase after inhibition of the NMD machinery proteins by cycloheximide. Quantitative RT-PCR with primers specific to the intron-retained transcripts shows that their levels are relatively unchanged after cycloheximide treatment whereas Arc transcript increased more than 3 fold (Fig 7a) . Intron retention could be used to regulate the over all transcript levels, so we designed primers to common exons and found that only Cenpt decreased after SMN-depletion. Total transcript levels for Rit1 and Srsf1I were not significantly changed (Fig 7b) .
SMN-dependent splice errors are increased in SMA model mice
To determine if the SMN-dependent alternative splice products in our NSC-34 cell model were present in a mouse model of SMA, we chose the so called "Taiwanese" model [34] . The mice were obtained from Jackson Labs (stock # 005058) and crossed with FVB/NJ females as described by Gogliotti et al [35] to produce litters that are 50% healthy heterozygotes and 50%
Fig 7. Retained introns are not targets of non-sense mediated decay.
A) Quantitative RT-PCR measures intron-retained transcripts after treatment with cycloheximide. mRNA levels were compared to vehicle treated (EtOH) cultures using 5S rna as the internal reference by the ΔΔCT method. Arc, a validated NMD target increased while only Rit1 showed any significant increase, indicating that these transcripts are not targets of NMD. B) Quantitative RT-PCR compared total transcript levels in SMN-depleted cultures to control cultures using 5S rna as the internal reference by the ΔΔCT method. Cenpt was slightly decreased after SMN depletion, but neither Srsf1 nor Rit1 transcript are decreased overall after SMN depletion. (Asterisk-p<0.05 by Student's t-test).
doi:10.1371/journal.pone.0163954.g007
Splice Defects in SMN-Depleted Cells Produce Truncated Products Contributing to the Short Processes SMA. In our experience, these mice live approximately 12 days. Kaplan-Meier analysis shows a significant decrease in survival compared to healthy siblings as well as a failure to maintain body mass (Fig 8a and 8b) . Lumbar spinal cord was harvested at postnatal day 9, when the SMA pups are fully symptomatic as evidenced by significant weight loss but are still ambulatory. Quantitative RT-PCR was run using primers specific for the validated alternatively spliced transcripts. All three of the group 1 exon-skipping events were significantly increased in SMA mice. The three validated intron-retention events were also significantly increased compared to healthy siblings. (Fig 8c) .
Biological Consequences of splicing errors in SMN-depleted cells
The validated splicing change in Ppp3cb affects the protein calcineurin Aβ(CnAβ), a neuronspecific phosphatase. This splice error causes exclusion of exon 13, which results in loss of a small fragment of the protein's auto-inhibitory domain (AID) [36] . We predicted that this change would result in increased CnAβ activity. To explore this hypothesis, we used immunofluorescence to study the intracellular localization of the transcription factor NFATc. 
Splice Defects in SMN-Depleted Cells Produce Truncated Products Contributing to the Short Processes
Phosphorylated NFATc is retained in the cytoplasm but following dephosphorylation by CnAβ, translocates into the nucleus [37] . Hyperactive CnAβ would result in increased NFATc nuclear immunofluorescence. NSC-34 cells from clone 4#56 were grown in the presence or absence of doxycycline for 72 hrs and immunofluorescently labeled with antibodies against total NFATc. Cultures were grown in calcium-free media to reduce endogenous CnAβ activity. Under these conditions, NFATc is exclusively cytoplasmic and doxycycline-induced SMN depletion produced no visible increase in nuclear staining (Fig 9a) . Quantification of the localization of NFATc immunofluorescence from three separate experiments demonstrated no significant change in the percentage of cells with nuclear NFATc staining after SMN depletion (Fig 9b) . It remains possible that levels of truncated calcineurin are simply too low to have a biological effect, or the region of the auto-inhibitory domain that is removed is too small to impact normal protein function.
Having determined that our validated intron-retained transcripts were not targets of nonsense mediated degradation, we designed a series of experiment to determine the consequences of translation into a truncated protein product. Neuronal cells are capable of translating intron retained transcripts in a developmentally regulated fashion, and this process can be extremely important for local translation in the axon. For instance, Robo3.2, an intron-retained isoform, is actively translated into protein in cultured commissural axons [38] . Retention of the intron between exons 2 and 3 in Srsf1 was very prominent and appeared to be completely negated following expression of HA-tagged human SMN (Fig 4) . Inclusion of this intron creates an inframe stop codon that truncates the arginine-serine rich domain (RS) and most of the RNA recognition motif (RRM2) in the C-terminal 128 amino acids of Srsf1 (Fig 9c) . Several natural isoforms of Srsf1 exist including isoform 3, which similarly lacks RS and part of RRM2 (Fig 9c) and was previously found to be dominant negative [39] . In view of this, we sought to determine if the SMN dependent truncation product similarly exhibited an effect on splicing. HA-tagged full-length (FL) and truncated (TM) human Srsf1 were cloned for use in an in-vitro splicing assay where the splicing template is exon 7 SMN1 or SMN2 [40] . Srsf1 binds the exonic splicing enhancer (ESE) to promote inclusion of exon 7 in SMN1, while SMN2 has a variant in the ESE sequence (C840T) that blocks Srsf1 binding and results in exon skipping [41] . NSC-34-4#56 cells were transfected with either hSrsf1-FL or TM along with the SMN reporter. Three days later, RNA was harvested, PCR amplified, and run out on an agarose gel. Cells transfected with only the SMN1 reporter have a single higher band corresponding to SMN with exon 7 included, while the SMN2 reporter produced an additional band corresponding to the Δ7 transcript (Fig  9e) . Co-transfection of hSrsf1-FL or TM in this system successfully produced stable protein (Fig 9d) , however, no change in splicing ratios was detected in either SMN1 or SMN2 mini-cassettes (Fig 9e) , suggesting this Srsf1 truncation product was not dominant negative and may have no effect on splicing of SMN. As a positive control, NSC-34 cells transfected with the SMN2 minigene were treated with 100μM Na 3 VO 4 overnight, which has previously been shown to promote correct splicing and increase exon 7 inclusion [42] . As expected, Na 3 VO 4 increased the level of full-length transcript, while hSrsf1-TM did not (Fig 9e) . This non-functional mutant is in the context of human Srsf1 and not the more relevant mouse Srsf1. The mSrsf1 truncation mutant similarly lacks the RS domain and most of RRM2, but when HAmSrsf1-TM was cloned and expressed in NSC-34 cells, a stable protein was not detected by western blot analysis. Probing endogenous murine Srsf1 protein by Western blot in NSC-34 cells using an N-terminal antibody did not reveal any truncated protein products upon SMN knockdown (Fig 9f, arrow) , further strengthening the observation that mSrsf1-TM does not produce a stable protein. The Western blot in Fig 9f does demonstrate clearly that Srsf1 protein levels are not reduced by SMN-depletion, indicating that the intron-retention event is not leading to changes in the overall levels of full-length Srsf1 protein. In light of the lack of mSrsf1-TM VO 4 shows that the SMN2 minigene is functional, increasing the amount of exon 7 included transcript. F) Endogenous Srsf1-TM was not detectable upon SMN knockdown. Western blotting with N-expression and the absence of any splicing effect of hSrsf1-TM, the splicing change in Srsf1 upon SMN knockdown is unlikely to contribute to the SMA phenotype.
Rit1 is a small G protein involved in promoting axonal outgrowth [43] . We chose this intron retention event because the dominant phenotype seen in NSC-34-4#56 cells is a reduced neurite length [21, 44] , and Rit1 has been shown to influence neurite development in cultured neurons [45] . Upon SMN depletion, Rit1 intron 4 is retained resulting in the inclusion of a stop codon that prevents transcription of the switch II, G4, and G5 domains [46] normally required for proper orientation of GTP as well as downstream effector proteins (Fig 10a) [47] . If these missing domains render the truncation mutant (Rit-TM) functionally inactive, we would expect that expression of Rit-TM in NSC-34 cells would not promote neurite outgrowth. To examine this, NSC-34-4#56 cells were treated with doxycycline for 3 days to reduce SMN levels (Fig 10b) and thereby reduce neurite length before being transfected with GFP as a marker and FLAG-tagged Rit-FL, Rit-TM, constitutively active Rit-Q79L, or the dominant negative Rit-S35N mutant [48] . Three days after transfection, cells were either lysed and used for Western blot analysis, or fixed for staining with DAPI and tubulin to measure neurite lengths. Under this protocol, neurites are predominantly Map2 positive dendrite-like structures, and only processes more than twice the width of the soma are considered a neurite ( S2A1 Fig). After 72 hours of differentiation, RT-PCR shows that cultures are expressing neuronal markers such as ChAT, Map2 and Tau, and greater than 70% of the cells produce at least one neurite (S2A2 and S2A3 Fig) . All four Rit constructs produced stable proteins as detected by Western blot (Fig 10c) . The slightly larger size of Rit-FL compared to Rit-79 or -35 can be attributed to Rit-FL's 4x FLAG-tag while the latter have a 3x FLAG. Reduced expression of Rit-S35N but not Rit-Q79L was previously documented and was observed here [49] . Constitutively active Rit-79, which cannot hydrolyze GTP and therefore continuously activates downstream effectors [48] , restored neurite length in SMN-depleted cultures. The dominant negative Rit-S35N reduced neurite length even more than SMN-depletion, as summarized in Fig 10d. Interestingly, Rit-TM transfected cells have shorter neurites in the presence of doxycycline compared to control cultures, which is statistically significant as determined by a two-tailed Student's t-test (p<0.01). This reduction in neurite length is even more pronounced than the standard dominant negative Rit-35 mutant, suggesting that the SMN-induced Rit truncation product similarly acts as a dominant negative. Transfection of control culture with either Rit-38 or Rit-TM also resulted in significantly shorter neuritis, comparable to the decrease seen after SMN depletion, supporting the theory that Rit-TM may act as a dominant negative. In contrast, Rit-79 did not significantly increase neurite length in control cultures. Representative micrographs are shown in Fig 10e. Rit1 has previously been shown to promote neuronal differentiation and survival by increasing p38 phosphorylation [50] [51] [52] , activated p38 has been shown to increase SMN protein levels both in vitro and in animal models [53, 54] , leading us to hypothesize that the recuse provided by constitutively active Rit-79 in the NSC-34 cell model might be a result of p38-induced increases in SMN protein even in the presence of doxycycline. To address this, NSC-34 cells were cultured with or without doxycycline, and transfected with either Rit-FL or Rit-79. Total cell lysates were interrogated by Western blot, and we were able to see that Rit-79 increased phosphorylation of p38 in both conditions, but particularly in SMN-depleted cells. In cultures transfected with Rit-79, SMN protein levels were increased and it appeared to completely blunt the doxycycline-induced knockdown leading to increased levels of SMN protein even in the Splice Defects in SMN-Depleted Cells Produce Truncated Products Contributing to the Short Processes presence of doxycycline compared to cells transfected with Rit-FL which did not restore neurite length (Fig 10F) . Further study is required to determine the mechanism by which Rit1-tm reduces neurite outgrowth in these cells.
Discussion
Defining a pathological mechanism by which SMN depletion results in neurodegeneration has remained elusive to date. No single molecular event, which when restored can fully compensate for the effect of SMN depletion on multiple genetic backgrounds, has been reported in SMA animal models. This is not surprising given the role of SMN in the assembly of a diverse range of RNP complexes. Whether SMN's specific function in snRNP biogenesis and mRNA trafficking are mutually exclusive remains to be determined. To assess how SMN reduction affects gene expression profiling within a single cell model system of SMA, independent replicates of total mRNA were analyzed for RNA expression, isoform expression and mis-splicing events. SMN depletion resulted in multiple isoform changes indicative of the sensitivity of alternative splicing to changes in SMN protein levels. Examples of both elongated and truncated isoforms accompanying SMN depletion were evident, suggesting that in addition to exon skipping, exon retention events may also be observed in SMA conditions. A recent study used exon-exon micro-arrays to identify splicing errors in a severe mouse model and validated a subset of these changes in dividing neuroblastoma cells where SMN was depleted by siRNA [19] . Despite the fact that their experimental design in a cell-based system was similar to ours, we find very little overlap between our two datasets. This may partly be due to the fact that our cells are terminally differentiated to a more motor neuron-like phenotype whereas their N2a model was rapidly dividing and undifferentiated. Our interpretation of the absence of overlap in the two model systems is that while distinct SMN-dependent splicing changes are present among the test systems, the lack of a consistent constellation of errors implies that this cannot be the dominant cause of SMA pathology, although in our model system, the protein product resulting from aberrant Rit1 splicing appears to be a potential explanation for the reduction in neurite length seen after SMN depletion. Similarly, we found no overlap between our dataset and the report by Baumer and colleagues, which examined alternative splicing events in SMA mouse motor neurons at early, intermediate and late disease stages [55] despite the fact that RT-PCR analysis of spinal cords from symptomatic 'Taiwanese" did show an increase in the alternatively spliced form of three exon-skipping and three intron-retention events that were validated in our NSC-34 cell model. There is a small degree of overlap with the aberrant splicing found by Zhang et al in late stage mice (Cenpt, Prc1, Ddx17, Krit1, Prmt1, Nup88, Pstk1, Sltm, Ptrh2, Cct4) [8] , as well as a later study done in pre-symptomatic animals by laser-capture micro-dissection (Clstn1, Gpx8, Med7) [56] . In comparison, the small number of splicing changes identified after induction of SMA in adult mice shows no overlap with our dataset [17] . Together, these findings indicate that perhaps our cells most closely reflect SMN dependent splicing changes in the neonatal spinal cord rather than in undifferentiated cells or adult tissues. While this manuscript was undergoing revisions, a new study examined splice changes in a variety of tissues from the "Taiwanese" mouse model, which we used to validate our alternatively spliced products. They confirmed that Srsf1 and Rit1 were both alternatively spliced in SMA spinal cord as early as postnatal day 5 [57] .
U12 introns have been proposed to be particularly susceptible sites for aberrant processing following SMN depletion. Using our approach, we were unable to identify many U12 introns retained in mRNA upon cross-reference with sequences within the U12 database (http:// genome.crg.es/cgi-bin/u12db/u12db.cgi). Our data suggest that in NSC34 cells undergoing steady state differentiation with depleted SMN, minor-class introns do not display increased dependence on SMN. Similar findings were reported following RNA-seq analysis of laser capture motor neurons in SMA mouse spinal cord [56] . This partially supports recent data demonstrating embryonic lethality and locomotion in a Drosophila model of SMA that can be rescued by human SMN expression without a significant increase in snRNA levels [58] . However, without quantifying the required snRNA levels to restore these and other less significant splicing events, we cannot rule out that snRNP biogenesis is redundant in rescuing the motor neuronal phenotype in NSC34 cells.
To search for biological consequences of alternative splicing that could explain the shortened neurite phenotype in our NSC-34 cells model of SMA [21] , we focused on intron retention events, as these often introduced a premature stop codon potentially encoding for a truncated protein product. Neuronal cells have proven able to translate intron-retained transcripts, even those which have been demonstrated targets of NMD. A splice site mutation in a GABA receptor subunit produces a retained intron, and the resultant protein product encodes a stable, truncated γ2 subunit that causes familial epilepsy [59] . A large number on intronretaining transcripts have recently been reported in primary neuron cultures, indicating that neuronally cells may increase their transcriptional repertoire by making use of the alternatively spliced products in the cytoplasm rather than degrading them [60, 61] .
The intron retention event with the largest difference in PSI between control and SMNdepleted samples was retention of a Vps33b 3' intron following the normal stop codon, and is unlikely to produce any significant error in the protein product, although it could conceivably alter mRNA stability. The truncated murine Srsf1 protein appears to be unstable, as we could not detect it by Western blot. However, we were able to model the consequences of overexpressing the truncated product of the small G protein Rit1. Rit1 is alternatively spliced upon SMN depletion, creating a truncation mutant (Rit-TM) that reduced neurite length to a greater extent than even the commonly used S35N dominant negative mutant. This activity of Rit-TM is likely due to the loss of the G4 and G5 domains that are required for recognition of the guanine of GTP/GDP, as well as disruption of part of the effector protein binding site within the switch II domain. Only a few effector proteins have been discovered for Rit, and two of these play important roles in neurogenesis. Rit binds B-Raf and C-Raf but only activates the neuronal specific B-Raf, which plays a role in neurite outgrowth [50] . Par6C binding to Rit is rather unusual in that it is not GTP dependent, and loss of this interaction alters the fate of axon versus dendrite differentiation [62] . If Rit is unable to bind these effector proteins, the fate of neurite differentiation and outgrowth is likely to be compromised, which could play a role in the pathogenesis of SMA. Rit mutations in the switch II domain are associated with Noonan syndrome, which is partly characterized by cardiac defects [63] . Similar cardiac pathologies are found in the severe mouse model of SMA [64] , and one could envision a scenario where severely low levels of SMN promote the accumulation of truncated Rit1, mimicking some Noonan syndrome pathologies.
The data presented here provide an interesting, albeit restricted snap shot of the complexity of SMN-dependent RNA processing. Even restricted to a clonal population of a single cell type, widespread abnormalities are evident that do not highlight any single cellular process or protein family, making therapeutic strategies for targeting compensatory mechanisms conceptually and technically challenging. It is likely that similar perturbation is present in additional cell types involved in the maintenance and maturation of the neuromuscular junction, providing an additional layer of complexity to the molecular pathogenesis of SMA, and highlighting the requirement to understand how non-neuronal phenotypes arise as a result of SMN depletion. Determining whether SMN function is spatiotemporally sensitive will be important in deciphering compensatory proteins and mechanism that can be manipulated in place of SMN restoration. The finding that over-expression of constitutively active Rit increased neurite length in SMN-depleted cultures demonstrates that correcting even a single SMN-dependent splice error has the power to restore aspects of normal neuronal architecture without increasing SMN protein levels. Whether correcting this single splice error is sufficient to rescue disease phenotype in a more complex model of SMA such as the zebrafish or mouse remains to be determined.
Methods
Cell culture
Murine neuroblastoma x spinal cord NSC-34 cells [20] were grown in DMEM (Gibco) supplemented to 10% with fetal calf serum (FCS) (Clontech) and 1% penicillin/streptomycin (PSt) at 37°C. Cells were grown to 80% confluence supplemented with or without 2 μg/ml doxycycline and split into at a density of 2.4x10 4 cells/ml in DMEM:F12 (Gibco) supplemented with 1%
FCS and 1% PSt to induce differentiation and promote neurite outgrowth in the presence of 2 μg/ml doxycycline or without. Cells were grown for 72 h until approximately 70% confluent with media changed after 48 h. Fibroblasts from a type II SMA patient (3813) and carrier parent (3814) were grown in DMEM (Gibco) supplemented to 15% with FCS (Sigma) and 1% PSt at 37°C to 50% confluence [65] .
High throughout sequencing
RNA samples were treated with Ribominus (Life Technologies) to reduce ribosomal RNA. RNA concentration was measured using the Agilent Bioanalyzer 2100, and 250-700 ngs of each individual RNA sample was fragmented with RNase III. Samples were processed through the Life Technologies SOLiD4 RNA Sequencing protocol; each individual sample was barcoded as part of the process. The barcoded libraries were pooled in equal amounts and processed through SOLiD4 EZ Bead preparation (Life Technologies) using 0.5 pM total in the final preparation. One full slide of 700-million template-beads was used for 50 base reads forward sequencing on Life Technologies SOLiD 4 Sequencer. The RNA-seq results are publically available at http://compbio.iupui.edu/group/6/pages/smn and have also been uploaded to the NCBI sequence read archive (SRP090323).
Alternative splicing analysis and RBP enrichment analysis
Alternative splicing events including skipped exons (SE) and retained introns (RI) were detected using MISO with default parameters [25] . Reads from biological replicates were merged together to increase the power of splicing analysis. Differential splicing events with Bayes factor ! 10 were further used in motif enrichment analysis. The up-regulated and downregulated events were analyzed separately. Each event was split to 7 regions: 150 bp up/down stream exons, whole skipped exons and 300 bp of their flanking introns. Sequences in each region were divided into bins based on GC content. All the combinations of 5-mer sequence patterns were searched in each region. The background frequency of 5-mer patterns were generated by 1 st order Markov Model [3] . Quantitative real-time PCR and end point PCR Nucleic acid was isolated from NSC-34 using mirVana RNA isolation kit (Ambion) according to manufacturers instructions before DNase treatment using Turbo DNase kit (Ambion). Nucleic acid was isolated from NSC-34-4, NSC-34-4#56 and SMA patient fibroblasts for endpoint and qPCR analysis by lysing cell pellets in Trizol (Invitrogen) and following the manufacturers protocol up until resuspending the aqueous phase in ethanol, for further clean up and isolation RNA Clean & Concentrator -5 columns were used following manufacturers protocol (Zymo Research). 5 μg of RNA was used as input into cDNA synthesis from for all samples used in endpoint and qPCR using SuperScript III (Life Technologies) reverse transcriptase following manufacturers protocol. qPCR was performed using iQ SybrGreen Supermix (BioRad) and CFX96 real time system using 60°C annealing and extension temperature. Endpoint PCR was performed using GoTaq polymerase (Promega) with annealing temperatures of 55°C for differential isoforms, and 59.5°C for intronic transcript templates.
Western blots
NSC34-4#56 cells were transfected with Lipofectamine 2000 at a 2:1 ratio with hSrsf1, mSrsf1, or mRit1 plasmids. After 24 hours, cells were lysed in 0.5% NP40/20mM Tris 8.0/150mM NaCl. Insoluble protein was pelleted, and 20-40 μg soluble fraction was run on 16% PAGE, transferred, blocked in milk/PBST, and blotted with FLAG M2 antibody at 1:5,000 dilution, HA-7 antibody at 1:40,000 dilution, or tubulin (Dm1a) at 1:50,000 dilution. Endogenous SMN was detected using MANSMA1 1:200 [66] and alpha-tubulin DM1A 1:10,000.
Minigene assay
The SMN minigene assay to detect full length (+exon 7) or alternatively spliced (+ exon 7, Δ7) SMN was previously described [67] with one modification; the forward primer was replaced with pCI-Nhe-Xho-F to amplify only exogenous plasmid produced SMN.
Immunofluorescence NSC-34-4#56 cells were treated with 2 μg/mL Dox for 3 days in 10% FBS/DMEM. Glass coverslips (Fisher 12-545-100) were sterilized by UV irradiation and were treated with 1.5 μg/mL Poly-D-Lysine. SMN depleted NSC-34 or control cells were plated onto coverslips at 3x10 4 cells/well and reverse transfected with Lipofectamine 2000 and Rit and pEGFP-C1. After 3 days, cells were washed with PBS and fixed in 4% paraformaldehyde/PBS and permeabilized in blocking solution (PBS, 5% normal goat serum, 0.1% Triton X-100) for 30 min. Alpha-tubulin antibody was diluted 1:2500 in blocking solution and incubated with cells for 2 hrs followed by Alexa-Fluor 594 1:1000. Slides were mounted using Prolong gold with DAPI, then visualized on a Nikon Microphot-SA microscope. Neurite lengths were measured using QCapture Pro 6.0 software. All lengths were normalized to GFP control transfected cells.
Gene Ontology analysis
Gene Ontology analysis was performed using altered RNAs against the mouse mm9 genome. TmHung/ TmHung ). Animals were maintained in accordance with international guidelines with approval from the Indiana University School of Medicine Animal Care and Use Committee (IUSM IACUC) as described in protocol #10646. For spinal cord removal, pups were euthanized by decapitation at post-natal day 9 and total RNA was harvested as directed using the Trizol method detailed in the RNA micro kit (Invitrogen, # 12183016)
Animals and ethics statement
Primers mSrsf1-229-F TACGACTACGACGGCTACC mSrsf1-447-R GTAACATACATCACCTGCC mSrsf1-BamH1-F GATCGGATCCAGATGTCGGGAGGTGG mSrsf1-Ale-Xho-R GTACCTCGAGCTTAAGTTATGTACGAGAGC hSrsf1-227-F GCTATGATTACGATGGGTACC hSrsf1-443-R CATACATCACCTGCTTCACGC HindIII-HA-F GATCAAGCTTATGGCTTACCC hSrsf1-Ale-Xho-R GTACCTCGAGCTTAAGTTATGTACGAGAGC Hind-FLAG-mRit1-F GATCAAGCTTATGGTGGATTACAAGGATGACGACGATAAGTTAAT TAAC ATGGAGTCCG XbaBsu36-mRit1-R GTACTCTAGACCTGAGGTCAGGTGACCG mRit-170F CTTATAAGATCCGGATCC mRit-412R GGTCAGACTTGTTCC Ex8Rev CTACAACACCCTTCTCACAG pCI-Nhe-Xho-F GGCTAGCCTCG mTrmt5 Ex2-F TATTTCCGAGCTGCACCAGA mTrmt5 Ex2-R TCCTCTCCACACAGCACTTC mFam64-a Ex2-3-F GAGAAGAAGGAGGTGACCCG mFam64-a Ex2-3 R TCACGGATAAGGGAGACGGT mCenpt i2-F AGGCAGGGTAGCCAAACAAA mCenpt i2-R AACACGAGTCGATCTGCCAA mPppc3cb-F CCGAGCAATTGGCAAGATGG mPppc3cb-R CTCAGTGGTATGTGCGGTGT mRit1 i2-F TCCGCATTGATGATGAACCT mRit1 i2-R TCAGCTGCTTTAGGTCAGACT mSrsF1 i2-F CCCGAGAGGCCGCTAT mSrsF1 i2-R AGAAAACTGTATCCAATTCTGGC mPik3c2a Ex2-F GAGATCGCCAAGTTGTCACC mPik3c2a Ex2-R AGTAACTGGTAGTTGAAGCCCT mPpp3cb qPCR F CCTAGTGGAGTGTTGGCTGG mPpp3cb qPCR R CGGGGTGGCATTCTCTCATT mTrmt5 qPCR F GCACCAGAGCATGAGAATCG mTrmt5 qPCR R CGCTTTCCTAAGTCTCGGCA mFam64a qPCR F ATCAAGGCTGAAGAGAGTGGTG mFam64a qPCR R GACATCCTGGTGGCTTGGTG mPik3c2a qPCR F GCGGGAGAAAAACATGGCTC mPik3c2a wPCR R AATACCAGGACCTCACGCTG mcenpt qPCR F GAACATGGCGGACCTCAG mcenpt qPCR R AGTGCTCCGGCGTCTCAT msrsf1 qPCR F ATAGCGTGGTGATCCTCTGC msrsf1 qPCR R TGCCTACATCCGGGTTAAAG hcenpt.exon2F GGAGAGCCCTGCTTGAAAC hcenpt. is equal in all NSC-34 cell culture conditions and is unaffected by SMN depletion. 5s RNA is used as loading control. B) Quantitative RT-PCR shows total transcript levels after SMN depletion using primers in exons that are common to all splice variants. mRNA levels are shown after doxycycline-induced SMN depletion relative to controls by the ΔΔCT method using 5s RNA as the control gene. C) End-point RT-PCR using total RNA from either healthy parent fibroblasts (3814) or cells isolated from an SMA patient (3813).
Only exon 13 of Ppp3cb shows is alternatively spliced in SMA patient fibroblasts compared to the parent. D) End-point RT-PCR using total RNA from either healthy parent fibroblasts (3814) or cells isolated from an SMA patient (3813). None of the validated SMN-dependent intron-retention events from the NSC-34 cell analysis were observed in patient fibroblasts. 
